Conversely, excessive bleeding due to enhanced anticoagulatory mechanisms could predispose the brain to hemorrhagic stroke. Thus, controlling the balance among different hemostatic functions in the cerebral microcirculation could play a major role in brain protection.
Several clinical studies have indicated that patients with acute brain infarction have disturbances in the anticoagulant mechanism, [80, 101] as well as impaired fibrinolysis. [100] It has been suggested that these hemostatic abnormalities could be regarded as risk factors for brain infarction. Although it has not been established whether they play a causal role in the pathogenesis of stroke, it is likely that correcting hemostatic abnormalities may protect the brain either by reducing the risk of stroke and/or by ameliorating brain injury following a focal ischemic insult.
Recent studies in our laboratory have focused on the link between "local" cerebrovascular hemostatic mechanisms in vivo and brain injury following focal ischemic insult. [70, [118] [119] [120] 132, 133] The expression and function of hemostasis-related proteins in brain microvessels, that is, the site of the blood-brain barrier (BBB), were studied during exposure to major stroke risk factors. These studies have indicated that cerebrovascular capillary endothelium in vivo produces functionally active anticoagulant protein and thrombomodulin (TM), [118, 120] as well as tissue plasminogen activator (tPA), and plasminogen activator inhibitor (PAI-1), [70, 119, 132, 133] the two key proteins involved in fibrinolysis within the vascular system. A schematic representation of hemostatic functions of the BBB in the basal state and in the absence of provocative stimuli is shown in Fig. 1 and will be discussed in detail later. We have also demonstrated that rats subjected to stroke risk factors may be a suitable model in which changes in the expression and activity of cerebromicrovascular TM-protein C anticoagulant system and tPA/PAI-1 fibrinolytic system can be studied in vivo in relation to ischemic stroke and brain injury. [70, 119, 120] 
Antithrombotic Mechanisms
Antithrombotic mechanisms in the cerebral microcirculation are governed by several factors that depend on the hemostatic properties of cerebromicrovascular endothelium; however, these factors may also be modified by hemostatic abnormalities in systemic circulating blood. The antithrombotic properties of cerebrovascular endothelium at the level of the BBB include: 1) the presence of TM, an integral membrane anticoagulant protein, expressed at the luminal side of brain endothelial cells; 2) the absence of procoagulant tissue factor (TF) in brain endothelium and the barrier that prevents circulating coagulation factors to cross into brain parenchyma and initiate the extrinsic clotting mechanism upon interaction with TF on astrocytes; 3) the physicochemical properties of the luminal endothelial membrane that prevent the attachment of platelets and the contact phase amplification of the intrinsic clotting mechanism. [132] Other endothelium-derived mechanisms may include production of prostacyclin, a potent inhibitor of platelet aggregation and adherence or complexing of antithrombin III to cerebrovascular heparan sulfate. These mechanisms, however, may be less significant at the intact BBB because endothelial cells isolated from cerebral microvessels secrete barely detectable amounts of prostacyclin, in contrast to cells isolated from large cerebral vessels. [30] Heparan sulfate from cerebral microvessels exhibits a small amount of anticoagulant activity in vitro, but is located in situ exclusively on the abluminal side of brain capillaries. [117] The TM-Protein C System
Thrombomodulin is an endothelial cell transmembrane glycoprotein and a key cofactor in the TM-protein C/protein S pathway, which is of major biological significance for the antithrombotic properties of endothelial cells. Thrombomodulin is a high-affinity receptor for thrombin on endothelial cell luminal surfaces, [28, 34, 35] and the thrombin-TM complex is a potent activator of circulating protein C (Figs. 1 and 3) . It has been shown recently that endothelial cell protein C receptor (EPC-R) augments protein C activation via the thrombin-TM complex. [110] It has been suggested that EPC-R presents protein C to the thrombin-TM complex for activation. The activated protein C (APC) is an antithrombotic enzyme (that is, a serine protease) that inactivates the coagulation factors Va and VIIIa by proteolytical degradation. [28, 34, 35] This function of APC is accelerated by protein S, another cofactor. The APC also promotes fibrinolysis by inhibiting PAI-1. [16] The importance of the TM-protein C system in offering major protection against a variety of thrombotic events has been well documented. [49] Natural protein C knockout experiments show us a great deal about the physiological importance of APC. Newborn infants who are totally deficient in anticoagulant protein C suffer from extensive thrombosis with inflammation in the microvasculature. This condition is lethal unless it is treated aggressively, and most infants suffer irreversible loss of vision and brain damage. The endogenous APC circulates at a 40 pmol concentration in human blood and has a remarkably long half-life of 0.3 hours, [60] suggesting that it is part of a systemic anticoagulant and antiinflammatory surveillance system.
It has been shown that anti-TM antibodies potentiate thrombin-induced thromboembolism in mice, [72] whereas purified or recombinant TM protects against thromboembolism in this model. [48, 72] Infusions of APC provide protection against procoagulant and lethal effects in a sepsis model. [112] Resistance to the effects of APC (due to the mutation in factor V gene and homocysteinemia) is closely linked to venous thrombosis in humans [111] and could also be a potential hemostatic risk factor for stroke and heart attack. Recent studies in stroke populations have examined protein C antigen and protein C zymogen activity after in vitro addition of snake venom, or other exogenous activators, [3, 18, 23, 80] as well as the activity of the circulating antithrombotic enzyme, APC. [51] It has been reported that low plasma protein C levels were related to poor outcome after stroke and may have been caused by protein C depletion because of excessive thrombin generation and rapid APC clearance. [23] It has also been shown that stroke patients have lower levels of circulating APC compared with control patients and community control subjects. [79] Because protein C antigen and APC levels were not measured before the stroke in these studies, it is difficult to say whether observed reductions preceded or followed the neurological event.
Low circulating APC may result from the depletion of the protein C zymogen precursor, increased levels of circulating APC inhibitors, or reduced protein C generating capacity, due to low levels of intravascular thrombin or reduced TM and/or EPC-R on endothelial surfaces. [49] Although the role of APC as a normal and potent component of the blood's host defense mechanisms has been well defined, relatively little is known about the capability of brain cerebrovascular endothelium to activate protein C in vivo. It has been recently reported that TM is expressed in cultured bovine brain endothelial cells. [113] Immunocytochemical studies in human brain have yielded conflicting results. Some studies claimed an absence or a very limited expression of TM protein in capillaries from normal human brain. [65, 66, 81] Other studies reported that TM protein was present in human brain microvessels [13, 126] and suggested that TM was substantially reduced in subcortical regions where infarction is common. [126] Recently, we demonstrated that TM messenger (m)RNA and TM activity (determined by a protein C activation assay) are present in both bovine and rat brain capillaries, but absent in brain parenchyma (Fig.  2) . [118, 120] Thrombomodulin has been cloned in a number of species including human, bovine, and mouse. [27, 67, 122] Recently, we reported that the sequence and structure of a functional portion of the TM gene isolated from cortical brain capillaries in rats is comparable to other species. [120] The coding sequence of the rat brain capillary TM complementary DNA (approximately 1500 bp) indicated 75 to 90% homology with the mouse, bovine, and human sequences. [118, 120] The predicted amino acid sequence demonstrated the presence of characteristic epidermal growth factor (EGF)-like tandem repeats responsible for binding and internalization of thrombin, a serine/threonine rich region and a membrane-spanning domain. Based on these findings it has been suggested that CNS microvascular endothelium is capable of producing TM in a similar way to that of systemic vascular endothelial cells. [28, 34, 35] Fig. 2. A: Western blot analyses of the presence of TM mRNA transcript in cortical brain capillaries (BC), and its absence in capillary-depleted brain (CDB) in cow (left) and rat (middle). Regional levels of TM mRNA transcript in the BC of bovine cortex, cerebellum, and pons (right). Agarose gel (1%) stained with ethidium bromide shows the results of polymerase chain reaction amplifications using TM-specific bovine and rat primers. As an internal control for unchanging gene expression, the amplification, using ß-actin primers, is shown. M is the DNA marker. Bands: bovine TM, 707 bp; bovine ß-actin, 313 bp; rat TM, 541 bp; rat ß-actin, 500. B. Graphs depticting the relative abundance of TM versus ß-actin mRNA as determined by scanning densitometry and TM activity from BC (solid bars) and CDB (absence of transcript and activity) (left and middle). Relative regional levels of TM mRNA and activity (right). Endothelial cell TM activity was assayed from capillary cellular homogenates by measuring the increase in APC. The values are expressed as mean ± standard deviation of five experiments. Values in cortical BC are arbitrarily set as 1; *p lt 0.05 versus cortical BC. Graphs are modified from data derived from references 118,120,121.
The concept that TM at the BBB is an important physiological anticoagulant within the brain microcirculatory system raises the question of whether impairments in the brain's endothelial TM-protein C system could predispose to the development of vascular thrombosis, ischemic stroke, and brain injury, as in a case of venous thrombosis and coronary occlusion. [109, 111] We have demonstrated that cerebrovascular TM mRNA expression and TM activity in bovine brain may vary in a region-dependent manner ( Fig. 2) in agreement with an earlier report on human brain. [126] At present it is not known whether lower levels of TM brain capillary expression may predispose the brain to an ischemic event and what factors are responsible for regional variations. However, it is likely that lower levels of brain capillary TM in certain brain regions could reflect reduced local anticoagulant brain capacity, which may favor a thrombotic event similar to those suggested for other organs. [109, 111] Fig. 3. This schematic illustrates the role of thrombin in blood coagulation and anticoagulation pathways in brain (see text for detailed explanation).
The Thrombin Paradox
As recently described by Griffin, [49] the thrombin paradox is like the so-called French red wine paradox; [99] too much thrombin or red wine is harmful to blood vessels, but a little bit of either is much better than none of all. As illustrated in Fig. 3 , thrombin can both promote and prevent blood clotting. Low levels of thrombin [55] generate markedly increased levels of endogenous circulating APC. [52] On the other hand, high levels of thrombin cause blood to clot by generating procoagulant activation factors Va and VIIIa through the conversion of fibrinogen to fibrin and by activating platelets that express their cell-surface receptors and provide various prothrombotic agents. A "J" curve that describes the relationship between the thrombotic potential of blood and thrombin concentration is depicted in Fig. 4 . Because the affinity of wild-type thrombin (Glu-229) for TM is very high and there is an abundance of TM in microcirculation, low levels of thrombin have an antithrombotic effect. Higher levels of free thrombin, however, exert various prothrombotic activities. It has been reported recently that the mutation of glutamic acid to alanine at position 229 of the protein sequence creates Ala 229 thrombin, which has dramatically different specificity, both in vitro and in vivo. [44] The result of this mutation is that thrombin procoagulant activities almost disappear, whereas its anticoagulant activity is conserved. 
PROCOAGULANT MECHANISMS
Despite major advances in our understanding of blood coagulation in vitro, relatively little is known about the functions of coagulation mechanisms in vivo, [43] and in particular within brain circulation. [132] The key to initiation of the coagulation protease cascade is TF (also known as tissue thromboplastin). Tissue factor is an integral membrane protein expressed on the surface of nonvascular cells and it is a member of the cytokine/hematopoietic growth factor receptor family. [10] Tissue factor is constitutively expressed by extravascular cells such as cells in the tunica adventitia surrounding major vessels, as well as cells delimiting organ boundaries. [29, 40] Consistent with its role in hemostasis and the great sensitivity of brain to hemorrhage, high levels of TF mRNA and functional protein are found in the brain. [4, 58, 125] Earlier immunohistochemical studies analyzing human TF antigen expression observed a diffuse staining throughout the brain parenchyma and were not able to identify the cellular source of TF in brain. [29, 40, 82] More recent studies, however, have demonstrated that astrocytes constitutively express TF mRNA and TF functional protein. [31] These results suggest that astrocytes, in addition to their role in neuronal support and BBB formation, may be intimately involved in preventing hemorrhage within the CNS.
Although the TF gene exhibits a distinct pattern of tissue-specific expression in vivo, TF is also inducible in response to a variety of stimuli in several cell types that do not constitutively express TF. Tissue factor has been defined as an immediate-early gene in fibroblasts [58] and is induced by inflammatory mediators in systemic endothelial cells and cells of monocyte lineage. [32] Under normal conditions, TF is not expressed by the endothelium at the BBB as we reported. [39] When the cerebral endothelial membrane is damaged, as in the case of traumatic or ischemic insult, the barrier that prevents TF exposure to circulating blood is lost and the extrinsic coagulation process can be initiated. This response may be potentiated by the inflammatory component of the CNS injury. At present, however, it is not known whether brain endothelium can also become a site that expresses TF following CNS injury.
The current concept of blood coagulation suggests an interaction between extrinsic and intrinsic mechanisms (Fig. 3) . [8] The extracellular domain of TF is the factor VII receptor. Normally, the BBB prevents factor VII, as well as other coagulation factors, from diffusing beyond the endothelial capillary wall. When plasma comes in contact with TF, factor VII binds to its receptor and the TF-activated-factor VIIa complex activates factors IX and X. [43] Factor IXa forms a complex with factor VIIIa and activates factor X; factor Xa forms a complex with factor Va and activates prothrombin. [43] Thrombin cleaves fibrinogen, yielding monomeric fibrin, which then polymerizes to form a fibrin clot. It has been suggested that components of the extrinsic pathway activate the intrinsic pathway, which is dormant in the generation of factor Xa or thrombin in vivo. [9] The exposure of the subendothelial basement membrane after BBB disruption may activate the contact phase that amplifies the intrinsic mechanism. [9, 43] In parallel with the coagulation process, cerebrovascular injury prompts circulating platelets to marginate against the vessel wall. [43] Their adherence is most likely mediated by von Willebrand factor (vWF) released from endothelial cells. von Willebrand factor binds to glycoprotein Ib on the platelet membrane and activated platelets degranulate and rapidly express factor VIII and V receptors and P-selectin (leukocyte receptor on platelets) on their surfaces. Platelets aggregate in an interaction mediated by fibrinogen and the fibrinogen receptor (glycoprotein IIb-IIIa complex on platelets) and form a platelet plug. Circulating leukocytes may also interact with the microvascular endothelium and platelets via different receptor adhesion molecules (selectins), [83] which further compromises brain circulation and CBF.
FIBRINOLYTIC MECHANISMS
When a cerebral clot is formed, a large amount of plasminogen is trapped in the clot with other plasma proteins. Plasminogen requires activation to become plasmin. [42] Plasmin is a trypsinlike enzyme with fibrinolytic activity that digests fibrin, fibrinogen, and factors V, VIII, and XII. Fibrinolysis promotes slow clearing of clotted blood and eventually reopens cerebral microcirculation. The tPA and PAI-1 play key roles in the control of fibrinolysis within the vascular system. [21, 78] Much of tPA in normal plasma and in tissues is inactive and exists as a part of a complex with PAI-1 that is considered to be a primary endogenous inhibitor of tPA in plasma and in tissues. [78] It has been suggested that tPA and PAI-1 expression may vary among species, tissues, and with the type of stimulation. [12, 33, 70, 71, 75, 91, 133] The expression of tPA and PAI-1 has recently been shown in bovine [71] and human [107] brain microvascular endothelial cells in vitro.
Recently, we reported that tPA and PAI-1 are normally expressed in vivo in cerebral capillaries in rodents and that both tPA and PAI-1 antigens and tPA and PAI-1 mRNAs are preserved in microvessels isolated immediately ex vivo in rodent brain. [70, 119, 132, 133] Immunocytochemical analysis of brain tissue in rats has confirmed the localization of both tPA and PAI-1 antigens in different sizes of microvessels including brain capillaries. Western blot analysis of cerebromicrovascular proteins has shown that in addition to a free pool of tPA, a significant amount of brain capillary tPA is present in its inactive form as tPA-PAI-1 complexes. The ratio between free tPA and tPA-PAI-1 complexes is 1:3.4 ( Fig. 5A and C) . We have also reported that there is a relatively large pool of free PAI-1 in brain microvessels. The ratio between free PAI-1 and tPA-PAI-1 complexes is 6.3:1 ( Fig. 5B and D) . [119] The factors responsible for the tPA-PAI-1 complex in brain microvasculature in vivo are currently unknown; however, the fact that there is a free tPA pool in brain capillaries led us to propose that brain endothelium may make an important contribution to fibrinolytic mechanisms in cerebral microcirculation. In addition to the vascular effects of tPA [133] there are other roles for tPA in mature brain, including mediation of activity-dependent synaptic plasticity, such as during motor learning [106] and long-term potentiation [98] and a role in some types of neuronal degeneration induced by excitotoxins. [114] The injured or stimulated endothelium releases free tPA into the brain's circulation, which then preferentially activates fibrin-bound plasminogen, causing plasmin to be generated primarily within the fibrin clot. [42] Thrombin adjacent to microclots may also stimulate both tPA and PAI-1 release from the intact endothelium, whereas thrombin TM activated-protein C simultaneously inactivates PAI-1, [116] favoring fibrinolysis (Fig. 1) . Fibrinolysis of the occluding thrombus after stroke leads to reperfusion of the damaged hypoxic vessels, but it may also cause diffuse petechial bleeding into the parenchyma from damaged microvasculature.
In vitro studies have demonstrated that production, release, and synthesis of tPA and its rapid inhibitor PAI-1 in systemic endothelial cells is regulated by various physiological and pathological stimuli. For example, coordinated induction of both tPA and PAI-1 has been reported with thrombin or basic fibroblast growth factor (bFGF), whereas histamine, activated protein C, and phorbol ester induce tPA alone, and lipopolysaccharide (LPS), transforming growth factor-ß, interleukin-1 (IL-1), or tumor necrosis factor-alpha (TNF-alpha) induce PAI-1 alone. [33, 56, 76, [102] [103] [104] [105] It has been shown that human systemic endothelial cells in vitro secrete more tPA when exposed to an arterial level of shear stress [26] and pulsatile stretch, [63] whereas PAI-1 secretion remains unaffected. It has been also demonstrated that tPA secretion and tPA mRNA are significantly upregulated after serial passages in culture, whereas the urokinase-type plasminogen activator gene that is normally not expressed in primary culture, becomes quite active at higher passage numbers. These studies suggest that the expression of each of the two antigens may be regulated independently by various chemical or mechanical stimuli and that under in vitro conditions their expression may be enhanced and/or modulated as a reaction to the tissue culture environment.
In vivo studies in nonhuman primates, in contrast to those performed in vitro studies, suggest that TNF-alpha plays a pivotal role in the release of both tPA and PAI-1 antigens during LPS (endotoxin) stimulation. [12] The release of both tPA and PAI-1 by LPS in vivo has also been reported in rats. [33] In vivo studies in rats when contrasted with in vivo studies in nonhuman primates indicated that neither TNF-alpha nor IL-1 is significantly involved in the induction of PAI-1 by LPS. [33] Among other differences, the expression of tPA in cerebral microvessels in nonhuman primates in vivo was found to be limited to some precapillary arterioles and postcapillary venules, [75] whereas in rats and guinea pigs tPA and PAI-1 antigens are expressed in cerebral capillaries in vivo. [70, 133] It has also been shown recently that tPA and PAI-1 regulation in rat aorta in response to LPS differs from observations in mouse aorta and rat carotid artery. [91] Together these studies caution against extrapolation of results and conclusions obtained in one tissue or species subjected to specific types of stimuli to another, as well as from the in vitro setting to an in vivo situation.
THEORIES OF STROKE
There are several theories proposed to describe how ischemic stroke and cerebrovascular deficiency with critical reductions in CBF may develop. They are based on numerous clinical and experimental laboratory studies. It is noteworthy that these theories should not be regarded as mutually exclusive. On the contrary, they may explain the pathogenesis of impaired CBF, ischemic stroke, and cerebrovascular disease in a complementary fashion.
Hemodynamic and Thromboembolic Theories
Earlier studies have suggested that atherogenesis in extracranial arteries [127] may be a primary cause of hemodynamic [6] or thromboembolic [19] stroke. The hemodynamic theory argues that the frequency of transient ischemic attacks or strokes is directly correlated with the degree of atherosclerotic carotid stenosis. The thromboembolic theory argues that the extent of platelet accumulation on carotid plaques correlates with ipsilateral ischemic episodes. These theories have not been confirmed by subsequent studies. [17, 20, 50, 57, 95, 108] 
Rheological Theory
Rheological evidence has emphasized that vWF released from endothelial cells may have a crucial role to play in platelet aggregation in experimental conditions that may mimic the hemorheological situation of partially occluded arteries. [64, 85, 86, 93] It has been suggested that this pathway of platelet aggregation involving only one adhesive ligand (vWF) and two membrane adhesion receptors (glycoproteins Ib and IIb-IIIa) may play a significant role in thrombogenesis. Other factors that may have a role in high shear-induced aggregation are fibrinogen and fibronectin.
Hemostatic Theory
Several clinical studies have demonstrated a link between ischemic stroke and immunohematological abnormalities consisting of 1) enhanced procoagulant mechanisms including marked platelet activation, activation of coagulation cascade, increased levels of fibrinogen, and thrombin; 2) reduced activity of the anticoagulant TM-protein C/protein S system including decreased levels of protein C and APC, deficiency of protein S, increased levels of potential inhibitors of TM-dependent protein C activation (antiphospholipid antibody titer), and increased levels of inhibitors of protein S (C4bp, a regulatory protein in the classic complement pathway); and 3) depression of fibrinolysis, including reduced tPA activity, lower ratio of active tPA to PAI-1, and increased levels of fibrin D-dimer, an index of fibrin turnover. [2, 3, 5, 15, 18, 22, 23, 51, 62, 79, 80, 84, 100, 101] These changes can be found from a few minutes up to 2 weeks after the onset of brain ischemia. It is not clear, however, whether these hemostatic abnormalities precede or follow the neurological event.
Microcirculatory Theory
Recent studies have provided strong experimental evidence to support the hypothesis that stroke may develop as a result of changes in the brain microcirculation. [53, 54] It has been demonstrated that the stroke risk factors hypertension, diabetes, advanced age, and genetic predisposition may prepare rat brainstem tissue for the local Shwartzman reaction. The reaction is provoked by either intracisternal or intravenous injection of endotoxin. Endotoxin (LPS) is derived from the cell wall of Gram-negative bacteria and is a natural substance to which animals and humans are repeatedly exposed. Endotoxin has powerful effects on host humoral and cellular systems that mediate hemostasis and inflammation. Affected rats exhibit profound neurological impairment caused primarily by microthrombi and petechial hemorrhages in the brainstem. These studies have initially demonstrated that stroke risk factors may predispose the brain to ischemia by local effects on hemostatic systems in the cerebral microcirculation.
Blood-Brain Barrier Theory
The role of the BBB in ischemia has been recognized for some time in relation to the pathogenesis of cerebral edema and oxidative stress. [11, 88] More recently, we initiated studies to examine whether changes in the expression and function of different hemostasis-related proteins at the BBB are associated with enhanced neurological impairments and neuropathological outcome and reduced CBF during the reperfusion phase after a focal ischemic insult. To test this hypothesis, we used experimental rat models of diabetes, nicotine administration, and hypertension as the major factors that increase the risk of cerebrovascular disease and ischemic stroke. The model of middle cerebral artery (MCA) occlusion followed by reperfusion, which is frequently studied to determine the pathophysiology, treatment, and mechanisms of focal cerebral ischemia, was also used. The studies have established the association between a focal ischemic insult and altered hemostatic BBB functions. Some critical results are detailed.
STROKE RISK FACTORS, HEMOSTATIC ALTERATIONS, AND BBB MECHANISMS

Smoking
Cigarette smoking has been accepted as a major factor that increases the risk of coronary disease, peripheral vascular disease, and stroke. [45] Although epidemiological studies in smokers may not translate directly into equivalent effects of nicotine (a major constituent of cigarette smoke), few recent clinical studies have indicated that the application of nicotine patches alone precipitates ischemic stroke in chronic smokers. [68, 94] [41, 59, 90] Recently we demonstrated that chronic nicotine administration in rats, approximating the amount of nicotine intake via cigarette smoking in humans (equivalent to approximately 2-3 packages/day) [87] results in enhanced focal ischemic brain injury, poor neurological outcome, and impaired restoration of blood flow following reversible MCA occlusion when compared with that in control rats (Fig. 6A-C) . Notably, the effect of nicotine on focal ischemic stroke was associated with complete depletion of the free pool of brain capillary tPA antigen in chronically treated rats, whereas PAI-1 antigen and PAI-1-tPA complexes remained unaffected by this treatment (Fig. 6D) . [70] In addition, this nicotine treatment produced a marked decrease in brain capillary APC (that is, TM activity) accompanied by reduced levels of TM mRNA. [120] These results suggest that nicotine could significantly reduce local fibrinolytic and anticoagulant potential in brain microcirculation by completely depleting the free pool of microvascular tPA and drastically reducing TM activity. 
edema volume in the pallium of control animals were arbitrarily set at 100. B: The scale for motor neurological score is within the range from 0 (no motor deficit) to 4 (cannot walk, depressed level of consciousness). C: Baseline values for CBF were determined before MCA occlusion and are arbitrarily set at 100. Reductions of CBF were determined within 1 hour of reperfusion. There was no difference in the physiological variables (mean arterial blood pressure, temporalis muscle temperature, PaO 2 , PaCO 2 , pH, and hematocrit) between control and nicotine-treated rats. D: The relative abundance of tPA and PAI-1 antigens, tPA-PAI-1 complexes, and TM activity in cerebral capillaries of control and nicotine-treated rats is illustrated. The results for tPA and PAI-1 were obtained by Western blot analysis of cerebromicrovascular proteins and for TM by determining the increase in APC from brain capillary cellular homogenates. The values in control animals were arbitrarily set at 1. Modified from reference 119.
The only tPA that was found in the brain capillaries of nicotine-treated rats remained bound to PAI-1, and therefore is likely to be functionally inactive. The unchanged level of cerebromicrovascular PAI-1 antigen suggests that at this stage of chronic nicotine treatment (14 days) PAI-1 is most likely not involved in reducing the level of tPA antigen. The absence of increased amounts of PAI-1-tPA complexes in the microvasculature of nicotine-treated rats supports this hypothesis. The mechanism of tPA antigen depletion by nicotine in brain microvessels is presently not understood. The relative levels of tPA mRNA and ß-actin mRNA in cerebral microvessels of nicotine-treated rats remain unchanged, suggesting that the effect of nicotine is mediated at the posttranscriptional level. There are many possible explanations for the dissociation between tPA mRNA and protein, including posttranslational modifications that result in altered tPA turnover, release, secretion, or antibody recognition. Variations in protein levels in the face of mRNA levels that do not change has been well documented. [61] In vitro studies with systemic endothelial cells have demonstrated that morphological changes in endothelial cells (that is, cytoskeletal rearrangement, increase in monolayer permeability, and cellular shape change) may influence tPA gene expression independently of the PAI-1 gene expression. [26, 63, 77] . An ultrastructural analysis of brain microvasculature in the present nicotine model in rodents failed to demonstrate any morphological changes in brain endothelial cells in vivo, as was reported. [7] This is in contrast to giant cell formation, ruffled membranes and extensive cellular vacuolation, and mitochondrial swelling observed in systemic endothelial cells in response to nicotine. [14, 115, 131] The lack of ultrastructural alterations in brain endothelial cells in rodents may reflect a subthreshold exposure to nicotine, a different response of these cells to the toxin, and/or a difference between the species. The mechanism for TM downregulation at the BBB in this model is also unknown, and the role of cytokines, TNF-alpha and IL-1, is currently under investigation.
It is not certain whether the intermittent boluslike dosing of nicotine from cigarettes in habitual smokers could have different effects from those produced by continually released transdermal nicotine patches and/or by continuous chronic administration via subcutaneous mini pumps as described in recent study. [119] However, an association between the depletion of tPA antigen from the coronary vessels and the subsequent development of coronary artery disease in those patients has been reported. [74] It is also known that reduced APC levels in coronary circulation may predispose to myocardial infarction in a porcine model. [109] Thus, it is possible that depletion of the free tPA antigen pool and reduced APC within the brain microcirculation may compromise fibrinolytic capacity and anticoagulant function in smokers, which might predispose to larger and more disabling strokes. It has been also shown that acute exposure to nicotine increases the formation of reactive oxygen species in epithelial tissues. [123, 124] Whether chronic nicotine administration results in free radical production in brain in vivo has not been investigated, but the possibility that the effect of nicotine on brain injury could be due to both vascular and neuronal effects should be considered.
Diabetes
It has been suggested that advanced glycosylated end-products (AGE) may play a central role in the pathogenesis of vascular changes that occur in patients with diabetes. [36] Advanced glycosylated end-products are proteins modified by nonenzymatic covalent glycosylation. In patients with diabetes AGEs accumulate progressively on other long-lived proteins in plasma and subendothelial tissues, including vascular basement membranes. Advanced glycosylated end-products proteins may modulate the expression of endothelial coagulation receptors in vitro by inducing TF expression and suppressing the activity of the TM pathway. [36] We recently demonstrated that streptozotocin-induced diabetes type 1 produces downregulation of tPA expression in rat brain capillaries without affecting PAI-1 mRNA expression. A marked downregulation of brain capillary TM activity was also found in this diabetic model. Depletion of brain capillary tPA and drastic reduction of the TM-protein C system in diabetic rats were associated with impaired restoration of CBF following reversible MCA occlusion, poor neurological outcome, and enhanced focal ischemic brain injury compared with both control rats and rats rendered acutely hyperglycemic to a comparable level by dextrose treatment (Fig. 7) . Fig. 7 . Graphs depicting the neuropathological outcome (A,B), motor neurological score (C), and reductions in CBF during reperfusion in the periphery of ischemic core (D) after reversible 1-hour MCA occlusion and 24 hours of reperfusion in control, diabetic, and acutely hyperglycemic rats. Diabetes type I was induced by administration of streptozotocin for 7 days, and acute hyperglycemia was induced by administration of 50% dextrose. All rats developed comparable hyperglycemia (approximately 15 mmol/L). There was no difference in physiological variables (mean arterial blood pressure, temporalis muscle temperature, PaO 2 , PaCO 2 , pH, and hematocrit) among control, diabetic, and hyperglycemic rats. The relative abundance of tPA antigen and TM activity in the cerebral capillaries of control and diabetic rats is illustrated in E. All other explanations are the same as those provided in Fig. 6 . Modified from reference 70.
We demonstrated that complete tPA depletion and downregulation of TM activity in the brain capillaries of diabetic rats are likely caused by downregulation of tPA and TM synthesis at the transcriptional level. [70, 120] The exact mechanism for this downregulation of tPA and TM mRNA in brain capillaries in diabetic subjects is presently unknown. An in vitro study indicated that elevated glucose does not affect tPA mRNA levels in bovine brain endothelial cells, [71] and it has been confirmed that hyperglycemia alone does not affect tPA levels in brain capillaries. Thus, other factors besides hyperglycemia may be implicated in altering brain hemostatic functions in the present diabetic model, including AGE and cytokines. [130] Hyperglycemia has been shown in some models of ischemia to accentuate postischemic brain edema. [97, 121] Detrimental effects precipitated by preischemic hyperglycemia and subsequent lactic acidosis on cerebral blood vessels and postischemic CBF have been documented in models of transient global brain ischemia. [47, 92] However, studies on hyperglycemia and focal cerebral ischemia have been less consistent. It has been reported that hyperglycemia reduces the extent of cerebral infarction following irreversible photochemically induced end-arteriolar thrombosis in rats, [46] decreases acute ischemic neuronal changes after permanent MCA occlusion in cats, [129] does not affect the infarction volume after permanent MCA occlusion in rats, [89] increases the infarction size after permanent MCA occlusion in cats, [25] and increases the infarction size in collaterally perfused but does not affect end-arterial vascular territories after permanent MCA occlusion in rats. [96] In the reversible MCA model in cats, severe hyperglycemia significantly enhanced infarction size, [24] whereas moderate hyperglycemia did not cause a significant increase in the infarction in reversible MCA occlusion in fed versus fasted rats. [128] In a recent study, only modest increases in infarction size and edema volume and a modest reduction in CBF during reperfusion were observed in the hyperglycemia model. [70] (Fig. 7) .
It is possible that diabetic animals had an impaired trend toward CBF restoration during the reperfusion period because of abnormal endogenous thrombolysis and depressed anticoagulation. It is also likely that the pathogenesis of brain injury in diabetes is multifactorial and could be mediated, in addition to lactic acidosis, by AGE proteins and cytokines, and impaired BBB fibrinolytic and anticoagulant functions.
Hypertension
Prolonged clot lysis time, lower tPA activity, increased platelet aggregation, elevated fibrinogen, increased PAI-1, and a link between cerebral venous thrombosis and hereditary protein C deficiency have been demonstrated in patients with mild essential hypertension. [73] These changes suggest impaired fibrinolysis and a procoagulant hemostatic blood profile. Experimental studies indicate that the spontaneous dissolution of a cerebral embolus is significantly lower in hypertensive compared with normotensive rats. [69] Recent studies also demonstrate that rats that are genetically prone to hypertension or spontaneously hypertensive rats with a mean arterial blood pressure of 175 mm Hg develop brain microthrombi and petechial hemorrhages after a provocative dose of LPS. [53, 54] 
CONCLUSIONS
There is vast body of clinical evidence that emphasizes the importance of hemostasis in the pathophysiology of brain injury related to CBF deficiency and stroke. [37, 38 ] The BBB appears to be an important mediator of brain regulation of hemostasis under physiological conditions and therefore plays an important role in brain protection by maintaining normal CBF. [70, [118] [119] [120] 132, 133] Alterations in hemostatic functions at the BBB by stroke risk factors contribute to reductions in CBF and, following an ischemic insult, could predispose the brain to enhanced injury and larger infarctions. Thus, correcting hemostatic imbalance may result in improved CBF and could ameliorate drastic flow reductions at the time of an ischemic insult, ultimately resulting in brain protection. Delineation of the molecular mechanisms of BBB-mediated hemostasis will likely contribute to future stroke prevention efforts and brain protection strategies.
